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Abstract

Surveys of herbaceous flora found in flower in the eastern central Sierra Nevada (Nevada) demonstrated

the influence of climate variability on herbaceous phenology and observed species richness. Mid-summer
surveys conducted in two climatically different years showed differences in number of flowering species

(greater in the wetter year) and their characteristic phenological class (more early- vs. late-flowering

species in the wetter year). Between year variation in phenology and species richness appeared to be

keyed to snowpack duration, spring and summer moisture availability, and early growing season temper-

atures. Responses in mesic habitats were greater than in xeric sites. Phenological responses to climate

variability can be interpreted in terms of displacement, compression, and amplification of the phenological

cycle. Comparison of the two surveys suggests that both displacement and amplification generated ob-

served differences. In the wetter year, late snowpack and lower spring temperatures delayed flowering

times and greater spring and early summer moisture resulted in greater observed species richness. Sen-

sitivity of herbaceous species in these montane habitats to year-to-year differences in climate highlights

the importance of considering effects of climate variability on phenology and population dynamics in

short-duration plant biodiversity surveys and long-term monitoring programs.

Introduction

Climate variability strongly affects population,

community, and ecosystem processes in herbaceous

systems (e.g., Tilman and El Haddi 1992; Walker
et al. 1994). Stand phenological responses to inter-

annual variability in thermal, moisture, and light

regimes can be dramatic, reflecting seasonal dy-

namics of species reproductive cycles, community
composition, and plant production. Understanding

the herbaceous response to interannual climate vari-

ability and identification of key surface climate fac-

tors controlling this response can reveal the sensi-

tivity of the herbaceous component of plant com-
munities to short-term climate variation and direc-

tional climate change. This understanding can, in

addition, aid in evaluating the representativeness of

rapid biodiversity assessments and design of long-

term monitoring studies.

In temperate regions, soil and air temperature,

moisture availability, photoperiod, and, in areas re-

ceiving snow, snowpack duration are commoncon-

trols over growth initiation and timing of subse-

quent phenophases (Holway and Ward 1963, 1965;

Lieth 1974; Dickinson and Dodd 1976; Pitt and
Heady 1978; Schemske et al. 1978; Bertiller et al.

1990). In mountain environments of western North
America, one of the strongest interannual climatic

signals is that of winter snowpack. The strength of

this signal is derived from the effect of quasi-pe-

riodic interannual variations in tropical and mid-
latitude Pacific sea surface temperatures on the

strength and tracks of winter storms, such as as-

sociated with El Nino and the North Pacific Oscil-

lation (Ropelewski and Halpert 1986; Sheaffer and

Reiter 1985).

The objective of this study was to understand the

phenological response of the herbaceous compo-
nent of several montane communities in the eastern

central Sierra Nevada (Nevada) to interannual

snowpack variation and associated variation in tem-

perature. The approach was to analyze changes be-

tween two plant surveys, one conducted in a low
snowpack year and the other in a high snowpack
year, in terms of (1) differences in the number of

species found in flower and predominant phenolog-

ical class of these species and (2) whether these

responses varied by habitat.

Methods

Study area. The plant surveys were conducted in

the Sierra Nevada montane forest belt on the east-

ern side of the Lake Tahoe Basin, Nevada. The
study area covered four watersheds: Skunk Harbor,

Slaughterhouse Canyon, Marlette Creek, and
Spooner Lake (Fig. 1). These sites were chosen to

capture a wide variety of vegetation types charac-

teristic of this montane region. The predominant

type is East-slope Jeffrey Pine Forest as described

by Rundel et al. (1980), with dominance shared by
Pinus jeffreyi, P. ponderosa, Abies concolor, and

Calocedrus decurrens. The forest is generally open,

reflecting a relatively xeric environment.
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Fig. 1. Location of the survey area in the Lake Tahoe Basin, California-Nevada. The four survey sites are indicated

by enclosed short-dashed lines on the detailed map.

Each watershed also contains varying amounts of

other vegetation types. Skunk Harbor (elevation

range 1900-2000 m) includes narrow riparian com-
munities and montane chaparral with Arctostaphy-

los patula and Chrysolepis sempervirens (see Smith
1973; Ornduff 1974). The Slaughterhouse Canyon
site (1920-1990 m) has extensive montane mead-
ows and adjacent stands of Pinus contorta ssp.

murrayana. Vegetation of the Marlette Creek wa-
tershed (1970-2440 m) is predominantly Jeffrey

Pine Forest with a transition at higher elevations to

Red Fir (Abies magnified) Forest (Rundel et al.

1980). The Spooner site (2120-2150 m) includes a

large meadow surrounding Spooner Lake, that

grades from wet meadow dominated by Carex spp.

to dry meadow (Rundel et al. 1980; Smith 1973),

and an adjacent sagebrush scrubland (Smith 1973)

dominated by Artemisia tridentata.

Surveys. Gordon and Dossman (1968) undertook

a presence-absence survey of non-graminoid her-

baceous species across the study area in 1968. In

the following year, I repeated their survey to eval-

uate how the findings of such efforts might vary

between two climatically-different years (Kittel

1969). Both 1968 and 1969 surveys spanned the

first week of July. One observer from the first sur-

vey (J. Gordon) assisted in the second. This facil-

itated consistency in both diversity and areal cov-

erage of vegetation types sampled within each wa-
tershed. The surveys recorded presence or absence

of non-graminoid herbaceous species that were in

flower during repeated walk-throughs in each area.

As an indicator of species habitat, the surveys re-

corded vegetation type (e.g., wet meadow, Jeffrey

Pine Forest, montane chaparral) for each species

recorded. The original taxonomic authority was
Munz and Keck (1973); taxonomy presented in this

paper was updated to Hickman (1993).

Differences between years in total area sampled

across watersheds and by vegetation type could not

be quantified, potentially limiting the significance

of results. However, coverage of the study area was
extensive, widely sampling each watershed and

vegetation type in both years. In general, sampling

of each vegetation type was continued until no or

very few additional species were found on visits to

different parts of a watershed. As a result, between-

year differences in the total area surveyed within a

watershed or by vegetation type likely had only

small systematic effects on the number and phe-

nological class of species found.

Climate data. As representative measures of cli-

mate for the region, I used monthly and daily tem-

perature and precipitation data for Glenbrook, Ne-

vada (elevation 1915 m; Fig. 1) and precipitation

and snow depth data from Spooners Station (2142
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m) near Spooner Lake (U.S. Environmental Data

Service 1967, 1968, 1969a, b, 1970, 1973; U.S.

Weather Bureau 1965). I calculated growing degree

days from mean daily temperatures with a base

temperature of 0°C.

Analyses. I classified the species into early- and

late-flowering taxa based on flowering times given

by Munz and Keck (1973). While the given flow-

ering times span those observed over the elevation-

al extent of a species, they indicate a species' ten-

dency toward early- vs. late-flowering. Because the

surveys were made in early July, I defined early-

flowering species as those with flowering periods

centered on June or earlier and late-flowering spe-

cies as those with flowering periods centered on

July or later. I included species with June-July

flowering periods in the early-flowering class. I

omitted from the classification 21 species with

broadly specified flowering times overlapping this

division.

I compared the 1968 and 1969 frequency distri-

butions of early- vs. late-flowering classes for in-

flower species that were unique to a year for each

of the sites. I used a chi-square (x
2

) test for inde-

pendence (Conover 1980; SPSS and Norusis 1986)

to test the null hypothesis that the distribution of

unique species between early- and late-flowering

categories was the same for the two years.

In addition to the site-by-site analysis, I em-
ployed three analyses on data combined across

sites. First, in a combined-flora analysis, I deter-

mined whether a species was unique to a year based

on 1968 and 1969 species lists combined across all

sites. I evaluated flowering class distributions of

these unique species in a x
2 analysis as in the site-

by-site analysis. This test was more conservative

than the site-by-site analysis because species

unique to a year at one site were omitted if they

were present for the other year at other sites.

Second, in a pooled-distribution analysis, I

summed the distributions of flowering time classes

across all sites and evaluated the pooled distribution

with a x
2

test. This was a more powerful test than

the combined-flora analysis because the response

patterns of each site were represented in the anal-

ysis.

In a third cross -site analysis, I evaluated whether

habitat influenced phenological responses to cli-

mate variability across the study area. I stratified

unique species into two habitat classes based on
broadly-defined "mesic" and "xeric" groupings of

vegetation types. This stratification reflects a simple

but clear distinction in habitats across the study

area. I analyzed pooled flowering class distributions

for each habitat class with a x
2

test. Habitat classes

based on vegetation type were as follows: mesic

habitats included forest-meadow edge, wet and dry

meadow, and riparian areas, while xeric habitats in-

cluded conifer forest, chaparral, and sagebrush

scrubland. Although vegetation type is only one de-

scriptor of a species' habitat, vegetation type tended

to co-vary across the landscape with other site char-

acteristics (slope, aspect, drainage, and soil). Mesic
vegetation types tended to be on less well drained

sites with more developed finer soils. Xeric types

were found on steep slopes with poorly developed
coarse soils (e.g., decomposed granite). A benefit

of this analysis is that stratification by habitat class

helped to remove possible systematic differences

between years in areal coverage of vegetation

types.

Results

Mean climate. The long-term mean maximum
temperature for the warmest month (July) at Glen-

brook was 28.2°C and mean minimum for the

coldest month (January) was -5.0°C (Fig. 2a).

Long-term mean annual precipitation for Glen-

brook was 487 mm. The seasonal cycle of precip-

itation has a winter maximum characteristic of

Mediterranean climates (Fig. 2a). Winter precipi-

tation is generated by mid-latitude cyclonic storms

from the Pacific and generally falls as snow at this

elevation. There is a second, smaller precipitation

peak in late spring (around May) that is evident in

records for individual years (Fig. 2b). This peak is

not distinguishable in the mean pattern (Fig. 2a)

because of variability in its timing. This secondary

maximum is common at higher elevations of the

central and southern Sierra Nevada and is largely

due to convective precipitation associated with

greater surface heating and conditionally unstable

air associated with late spring weak cyclones from
the Pacific (Pyke 1972). Summer climate is domi-

nated by dry subsiding air from the eastern Pacific

subtropical high pressure center, with only occa-

sional rainfall from convective storms.

Climate variability. There was high variability in

monthly precipitation and temperatures among
years 1967, 1968, and 1969 at Glenbrook (Fig. 2b).

For the 1967-1968 water year (July-June), that is,

for the 12 months prior to the 1968 survey, precip-

itation totalled 443 mm, or 91% of the long-term

mean. In contrast, the 1968-1969 water year pre-

cipitation was 771 mm, or 158% of the mean. This

interannual difference was also reflected in Spoon-

ers Station precipitation and snow depth records

(Fig. 3). Snowpack was greater in 1969 than in

1968 (e.g., 152 cm on 15 February 1968 vs. 221

cm on the same date in 1969; Fig. 3a). Snow cover

lasted at Spooners through early April in 1969 ver-

sus through the end of February in 1968 (Fig. 3a).

Timing of the spring precipitation maximum at

Glenbrook was one month later in 1969 than in

1968 (June vs. May, Fig. 2b). The month shift in

1969 spring precipitation was not an artifact of di-

viding the record into months when constructing

means: daily precipitation data showed that the

spring minimum and maximum in each year were
well centered in the indicated months. Timing of
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Fig. 2. Walter (1985) climate diagrams for Glenbrook, Nevada, (a) Long-term (1945-1970) mean temperature (T; left

axis) and monthly precipitation (ppt; right axis), (b) Monthly mean temperature and monthly precipitation for 1967,

1968, and 1969. Arrows mark survey periods (first week in July) and asterisks (*) indicate the spring precipitation

maxima preceding each survey. Vertically-hatched areas indicate periods of water surplus and stippled areas those of

water deficit as defined by Walter (1985). Bars under the x-axis show months with mean daily minimum temperature

< 0°C (solid bar) and months with absolute monthly minimum < 0°C but mean daily minimum > 0°C (diagonally-

hatched bar). Solid area under the precipitation curve in (b) denotes a scale change in the precipitation axis. The two
values above each year's plot in (a) and (b) are the mean annual temperature (°C) and annual precipitation (mm/y). In

(a), the value given in square brackets is the number of years in the record, and values to the left of the plot are, from

top to bottom, highest temperature in the record, mean daily maximum of the warmest month, mean daily minimum
of the coldest month, and lowest temperature in the record.

the spring maximum is critical because it generally

marks the end of the precipitation season.

Between year variability in early season temper-

atures was reflected in growing degree-days. 1968

had more growing degree-days from January
through June than did 1969 (1136 vs. 1019°C-

days). Average temperature in June, the month just

prior to the surveys, was greater in 1968 than in

1969 (15° vs. 13.3°C). In summary, the water year

prior to the 1968 survey was warmer, drier, and
snow-free earlier than that preceding the 1969 sur-

vey.

Survey comparison. The surveys identified 105

species in 30 families (Table 1). The survey in 1969
found significantly more species (88 species) than

that in 1968 (75 species; P < 0.0015, df = 3, 1-

tailed paired Student's t-test). The number of both

early- and late-flowering species also increased sig-

nificantly from 1968 to 1969 (P < 0.0001 and 0.05,

respectively). Of the total number of species found
combined from both years, a higher portion was

unique to the 1969 survey than to the 1968 survey

(29% vs. 16%). At individual sites, species unique

to the 1969 survey accounted for up to more than

half of the species found (Table 1).

Early-flowering species dominated both surveys,

but more so in 1969 than in 1968. The ratio of

early- to late-flowering species was 1.15 in 1968

and 1.56 in 1969. For species unique to each sur-

vey, the frequency distribution of flowering times

differed between years (Fig. 4a). At each site,

unique species were predominantly late-flowering

in 1968 and early-flowering in 1969. The strength

of this relationship varied between sites, ranging

from statistically significant at the 0.05 level

(Spooner Lake) to not significant (Marlette Creek)

(Fig. 4a). The shift in dominance across sites from

late to early species from 1968 to 1969 was strong-

ly supported by the combined-flora analysis (x
2 =

4.3, P < 0.05, df = 1; Table 2) and the pooled-

distribution analysis (x
2 = 10.6, P < 0.0015, df =

1).
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Table 1. Number of Species, Total and Unique, for

the 1968 and 1969 Surveys and for Both Years Com-
bined. The percent of unique species relative to the com-
bined total is given in parentheses.
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Fig. 3. (a) Biweekly snow depth and (b) monthly pre-

cipitation at Spooners Station for 1967-1968 and 1968-

1969 winters. X-axis ticks in (a) mark the 15th of each

month. Precipitation data for June 1969 were not avail-

able.

Weak differences at the site level may have aris-

en from the variety of habitats within sites and be-

cause different habitats responded differently to cli-

mate variability. Consequently, phenological shifts

may have been stronger than observed, but were
blurred because sampling at each site ranged across

habitats. In the analysis by species' habitat pooled

across sites, both habitat classes showed a signifi-

cant difference in flowering class frequencies be-

tween years (Fig. 4b). The response was stronger

for mesic habitats (x
2 = 11.4, df = 1, P < 0.001)

than for more xeric habitats (x
2 = 6.0, df = 1, P <

0.015). In addition, both habitats showed an in-

crease from 1968 to 1969 in the number of unique
species found, with xeric habitats having a larger

increase (from 12 to 50 species pooled across sites)

than mesic habitats (9 to 26).

The effect of habitat on flowering class response

was also reflected at the site level. Slaughterhouse

Canyon and Spooner Lake sites, dominated by wet-
ter habitats (meadow and riparian), had greater

Com-
1968 Survey 1969 Survey

bined Unique Unique
Site total Total to year Total to year

Skunk Harbor 49 25 6 (12%) 43 24 (49%)
Slaughterhouse

Canyon 71 41 7 (13%) 64 30 (42%)
Spooner Lake 75 45 14 (19%) 61 30 (40%)
Marlette Creek 57 26 5 (9%) 52 31 (54%)
All sites 105 75 17 (16%) 88 30 (29%)

flowering class shifts, as shown by the magnitude

of corresponding x
2

's (4.5 and 3.7, respectively;

Fig. 4a), than Skunk Harbor (x
2 = 2.6) and Marlette

Creek (x
2 = 0.5), dominated by conifer forest and

montane chaparral.

Discussion

Modes of phenological response to climate vari-

ability. Phenological response of herbaceous spe-

cies to variation in climate can be in terms of al-

tered phenophase timing (displacement), duration

(phase compression or extension), and amplitude

(phase amplitude modulation) (Fig. 5). In displace-

ment, timing of phenophases is delayed or ad-

vanced, so that the flowering season occurs later or

earlier in the year (Fig. 5a). On the other hand, if

the growing season is shortened or lengthened, the

duration of phenophases may be compressed or ex-

tended, respectively (Fig. 5b). With compression,

for example, the phenological cycle is completed

more rapidly so that the flowering period starts later

and ends earlier. In amplitude modulation, the tim-

ing and length of the phenological cycle are not

altered, but the number of individuals per species

and number of species observed in a given pheno-

phase is amplified or reduced (Fig. 5c). In ampli-

fication, favorable conditions enhance plant growth,

flower production, or other physiological and pop-

ulation factors that increase the number of species

observed in flower at a given time.

Comparison of the 1968 and 1969 surveys sug-

gests that both displacement and amplitude modu-
lation were important in generating observed dif-

ferences. In 1969, prolonged snowpack and later

spring precipitation delayed plant phenologies so

that substantially more early-flowering than late-

flowering species were in flower during July. In

1968, below normal winter and spring precipitation

and more growing degree-days advanced plant phe-

nologies and increased the number of late- flowering

species in blossom in July. Other studies have ob-

served phenological displacement in winter-snow

environments, where delayed snowpack melt de-

layed initiation of growth and flowering in early
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Fig. 4. Frequency distribution of early- and late-flowering classes for species unique to either 1968 or 1969 surveys

(a) by site and (b) by mesic vs. xeric habitats pooled across sites. Chi-square values (x
2

) and significance levels (p)

are given (df = 1). ns = not significant. In (b), the y-axis is number of unique species pooled (summed) across sites.

season species (Holway and Ward 1965; Owen
1976).

The greater number of both early- and late-flow-

ering species found in flower in 1969 may have
resulted from phenophase amplification. Better

spring and early summer moisture conditions in that

year possibly resulted in greater population sizes or

greater flower production, increasing the likelihood

of less common species being included in the 1969
survey. Jackson and Bliss (1984) also found phen-

ophase amplification in a subalpine meadow where
greater mid-season precipitation increased recruit-

ment, growth, flowering, and seed set.

Phenophase duration responses may have also

occurred but cannot be demonstrated by the 1968-

1969 comparison because of the short, single sam-

pling period used by the surveys. This response has

been observed in other winter-snow environments

including alpine communities (Holway and Ward
1965; Billings and Bliss 1959). In the extremes, a

severely shortened growing season can lead to trun-

cation of phenologies for late season species (Hol-

way and Ward 1963), while an unusually prolonged

growing season can lead to early season species

completing all or part of a second cycle in a year

(Holway and Ward 1965; Dickinson and Dodd
1976).

While analysis of phenological responses in

terms of these three modes is a useful approach for

understanding observed variation as a function of
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Displacement

TIME

Fig. 5. Idealized phenological response curves. Pheno-

phase (a) displacement, (b) compression and extension,

and (c) amplitude modulation are illustrated in terms of

number of species in flower during the course of a grow-
ing season.

climate, responses may be complex combinations

of these modes arising from multiple and interac-

tive effects of temperature and moisture on plant

physiology (Walker et al. 1994; Holway and Ward
1965; Jackson and Bliss 1984). Additional com-
plexity arises at the community level because re-

sponses are an admixture of species-specific re-

sponses moderated by species interactions (Jackson

and Bliss 1984). In addition, climate conditions in

one year have important carry-over effects to the

next through seed set, belowground shoot meristem
production in perennial herbs, and, in non-herba-

ceous taxa, flower primordia production (Scott

1977; Jackson and Bliss 1984; Billings and Moo-
ney 1968; Holway and Ward 1965).

Habitat effects. Habitat type influenced the mag-
nitude of phenological response to climate vari-

ability. Phenologies were more delayed in less well

drained sites, where higher soil moisture (and cool-

er soil temperatures) likely persisted longer into the

1969 summer following heavy snowpack and late

spring precipitation. In contrast, forest and chap-

arral areas on slopes with poorly developed soils

(primarily decomposed granite) likely dried out ear-

lier, i.e. by mid-summer, than did wetter sites in

both years. At these drier sites, greater winter

snowpack, late spring rainfall, and associated cool-

er temperatures in 1969 appear to have resulted in

a large increase in the number of flowering species

(indicating phase amplification), but a smaller delay

in herbaceous phenologies (Fig. 4b).

Key abiotic factors. Differences in survey floras

and climate for 1968 and 1969 suggest that herba-

ceous phenology and observed species richness in

the Sierra Nevada montane region are controlled by
snowpack amount and duration and early growing
season precipitation and temperature. Studies of al-

pine systems indicate that thawing of soil is the key
control over initiation of growth and timing of sub-

sequent phenophases (Billings and Bliss 1959; Bill-

ings and Mooney 1968; Holway and Ward 1965;

Ram et al. 1988). Increased soil moisture in high

snowfall years is an additional control over phe-

nology in these systems, increasing production and
delaying senescence on drier sites (Holway and
Ward 1965).

Interaction among abiotic factors is critical to un-

derstanding seasonal dynamics of montane herba-

ceous communities because direct effects of

changes in a factor may be either amplified or

countered by indirect effects. For example, years

with greater winter precipitation tend to have great-

er and more persistent snowpack, cooler early sea-

son temperatures, and greater growing season soil

moisture. The negative impact of spring snowpack
on growing season length can be more than offset

by the positive effect of greater soil moisture

(Walker et al. 1994).

Implications for plant biodiversity surveys. Be-

tween-year changes observed in this study dem-
onstrate that surveys of herbaceous species need to

be designed to account for phenological variability

and population and community dynamics driven by
climate variability. In rare and endangered plant

surveys, effects of climatic variability must be con-

sidered to avoid misleading assessments of popu-

lations (Gruber et al. 1979; Clark and Dorn 1981;

Tilman and Wedin 1991). Weather driven within-

season shifts in phenology and population sizes can

limit the utility of rapid "snapshot" biodiversity as-

sessments. Likewise, because climate variability

can force year-to-year shifts in community com-
position (Tilman and El Haddi 1992; Pitt and

Heady 1978; Borchert et al. 1991), such effects

must be considered in long-term studies monitoring

the status of plant communities facing threats from

local to global environmental change.

These responses emphasize the need to under-

stand the role of climate variability in population

and community dynamics that influence the pres-

ervation of rare species and maintenance of com-
munity diversity. Such environmental variation can

play a key role in maintaining species diversity

(Jackson and Bliss 1984; Grime 1973) or, in the

case of extreme climate events, cause local extinc-

tions of individual species, reducing community
richness in the long term (Tilman and El Haddi
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1992). The sensitivity of the central Sierra Nevada
montane herbaceous species to interannual climate

variability suggests that population, community,

and ecosystem processes will respond rapidly to

climate fluctuations and directional climate change.
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